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X-ray Imaging Techniques to Quantify Spray Characteristics in the Near
Field
Abstract
Liquid sprays play a key role in many engineering processes, including, but not limited to, food processing,
coating and painting, 3D printing, fire suppression, agricultural production, and combustion systems. Spray
characteristics can easily be assessed in the mid- and far-field regions, well after liquid sheet breakup and
droplet formation, using various optical and/or laser diagnostic techniques. The conditions in the near-field
region influence mid- and far-field characteristics; however, near-field measurements are extremely
challenging because the spray in this region is typically optically dense where optical and laser diagnostics are
generally ineffective. This paper provides an overview of the various X-ray imaging techniques that can be used
to characterize the near-field region of a spray. X-rays produced with tube sources as well as synchrotron
sources will be discussed. Using tube-source X-rays, 2D radiographic videos are possible showing qualitative
spray information. The 2D radiographs can also provide quantitative measurements of the optical depth (OD)
in the near-field region. Tube sources can also provide X-ray computed tomography imaging that can produce
time-average 3D density (mass distribution) maps of the spray. X-rays from synchrotron radiation provide a
high-flux X-ray beam that can be used to provide high spatial and temporal resolution of the spray equivalent
path length (EPL) as well as other characteristics, but it is more challenging to implement than using a
common tube source. Various examples of these X-ray imaging techniques will be discussed.
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Abstract 12 
Liquid sprays play a key role in many engineering processes, including, but not limited to, 13 
food processing, coating and painting, 3D printing, fire suppression, agricultural production, and 14 
combustion systems. Spray characteristics can easily be assessed in the mid- and far-field regions, 15 
well after liquid sheet breakup and droplet formation, using various optical and/or laser diagnostic 16 
techniques. The conditions in the near-field region influence mid- and far-field characteristics; 17 
however, near-field measurements are extremely challenging because the spray in this region is 18 
typically optically dense where optical and laser diagnostics are ineffective. This paper provides 19 
an overview of the various X-ray imaging techniques that can be used to characterize the near-20 
field region of a spray. X-rays produced with tube sources as well as synchrotron sources will be 21 
discussed. Using tube source X-rays, 2D radiographic videos are possible showing qualitative 22 
spray information. The 2D radiographs can also provide quantitative measurements of the optical 23 
depth (OD) in the near-field region. Tube sources can also provide X-ray computed tomography 24 
imaging that can produce time-average 3D density (mass distribution) maps of the spray. X-rays 25 
from synchrotron radiation provide a high-flux X-ray beam that can be used to provide high spatial 26 
and temporal resolution of the spray equivalent path length (EPL) as well as other characteristics, 27 
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but is more challenging to implement than using a common tube source. Various examples of these 28 
X-ray imaging techniques will be discussed. 29 
Key Words: 30 
Near-Field Measurements, Spray Imaging, Synchrotron X-rays, Tube Source X-rays, X-ray 31 
Diagnostics 32 
1 Introduction 33 
Spraying a liquid into a gaseous environment has many practical applications, including 34 
food production, coating and painting, additive manufacturing (3D printing), fire suppression, 35 
agricultural applications, pest control, liquid fuel combustion, and cleaning operations. Spray 36 
regions are loosely identified as near-field, mid-field, and far-field, and the demarcation between 37 
regions is not precise. As shown by Spray A in Figure 1, the near-field region is closest to the 38 
nozzle exit and may contain a sheet of liquid that undergoes breakup to form ligaments, which are 39 
packets of liquid that undergo additional breakup events to form individual droplets. Depending 40 
on the nozzle design and operating conditions, the near-field region may also have a jet potential 41 
core composed of a pure liquid region that dissipates as the spray develops, as shown by Spray B 42 
in Figure 1. The mid-field region may have a mixture of liquid ligaments as well as a dispersion 43 
of individual droplets. Finally, the far-field region has a dilute dispersion of individual droplets 44 
that continue to spread as they move farther from the nozzle exit. Depending on the type of nozzle 45 
and operating conditions, liquid sheet formation and breakup may not extend into the spray region 46 
but happen right at the nozzle exit.  47 
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 48 
Figure 1: Regions of a generic spray. 49 
According to Linne (Linne, 2012), several regions of a spray must be fully visualized and 50 
quantified to completely characterize the atomization process: from the flow inside the nozzle 51 
itself; to the initial droplet breakup as the liquid leaves the nozzle; to droplet dispersion, secondary 52 
breakup, and vaporization; and finally to mixing with the surrounding gas at the end of the spray. 53 
Spray characteristics can easily be assessed in the mid- and far-field regions, well after liquid sheet 54 
(or liquid core) breakup and droplet formation, using various optical and/or laser diagnostic 55 
techniques (Bachalo, 2000; Fansler and Parrish, 2015). The conditions in the near-field region can 56 
influence mid- and far-field characteristics; however, near-field measurements are extremely 57 
challenging because the spray in this region is typically optically dense, rendering optical/laser 58 
diagnostics extremely challenging if not entirely ineffective. There are several experimental 59 
techniques that can be used to quantify spray characteristics in the near-field region (Linne, 2013). 60 
Several of these techniques utilize X-ray imaging capabilities, which is the focus of this review. 61 
X-ray imaging, for this review, is divided into two broad categories: (1) those using 62 
commercially available tube sources to produce broadband X-rays like those found in medical or 63 
ballistic testing, and (2) those using synchrotron facilities to produce high energy and/or 64 
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narrowband X-rays like that found at the Advanced Photon Source (APS) at Argonne National 65 
Laboratory. Independent of X-ray source, the two main challenges associated with X-ray 66 
diagnostics are (1) X-rays provide line-of-sight measurements, and (2) because they are light-of-67 
sight measures, the signal can be absorbed and/or scattered from material other than the object of 68 
interest (Halls et al., 2018b). Before tube source and synchrotron X-rays diagnostics are discussed, 69 
the basics of X-ray imaging will be summarized. 70 
2 X-ray Basics 71 
X-rays generally fall within one of two categories: those produced by tube sources and 72 
those produced by synchrotron sources (Kastengren and Powell, 2014). Tube sources produce 73 
X-rays by ionizing a target source, such as tungsten, with an electron beam. The electrons are 74 
emitted from a cathode and accelerated toward an anode by a high voltage potential between the 75 
cathode and anode. When the electrons hit the anode, they are decelerated which is accompanied 76 
by the emission of electromagnetic radiation (Grassler and Wirth, 2000; Selman, 1994). In general, 77 
the energy spectrum that is emitted from the X-ray tube is a function of the voltage potential, target 78 
material, the angle at which the electron beam hits the target, the angle at which the X-rays are 79 
observed, and the material used for the X-ray tube window. Tube source X-rays are commonly 80 
polychromatic – they have a wide energy spectrum like that shown in Figure 2, and the energy is 81 
inversely proportional to the wavelength (E ~ 1/λ).  82 
In synchrotron X-ray sources, high-energy particle beams produce electromagnetic 83 
radiation whenever the particles are accelerated. The X-rays in these sources are either produced 84 
by bending magnets or undulators. The bending magnet sources produce a broadband X-ray profile 85 
like that shown in Figure 2. Undulators use a tunable magnetic field to repeatedly manipulate the 86 
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magnetic field to create a narrow highly collimated X-ray beam (Kastengren and Powell, 2014). 87 
The energy level from synchrotron sources can be in the GeV range. 88 
Tube source X-rays range in energy from less than 0.1 keV to more than 100 MeV (Cartz, 89 
1995). The upper level limit is determined by the (tube) voltage and the lower limit by the 90 
attenuation in the source window and air through which the X-rays pass. High energy X-rays are 91 
referred to as “hard” X-rays and low energy X-rays are described as “soft” X-rays. Hard X-rays 92 
contain the short wavelength X-ray component which can enhance the penetration into thick 93 
objects or those with large object densities, and are typically used in medical imaging or in airport 94 
security. The soft X-ray component comprises the longer-wavelength X-rays which enhance image 95 
contrast and are commonly used in X-ray microscopy because the penetrating power of hard 96 
X-rays is not needed. Since most X-ray sources are polychromatic, they are composed of both hard 97 
and soft X-ray components as shown in Figure 2. In some applications, the soft X-rays are removed 98 
by first passing the X-rays through a metal filter, e.g. aluminum and/or copper, to absorb the soft 99 
X-rays before the beam passes through the object of interest. This is called “hardening” the beam 100 
because the average energy is shifted to higher energy (harder) X-rays. 101 
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 102 
Figure 2: Polychromatic X-ray energy spectrum and the artifact called beam hardening caused 103 
by nonuniform X-ray energy absorption. 104 
As shown in Figure 2, the soft (lower energy) X-rays are attenuated more readily than hard 105 
(higher energy) X-rays, producing an artifact called beam hardening (Boone, 2000; Hsieh, 2003; 106 
Ketcham and Carlson, 2001). Beam hardening increases the average energy of the beam as it 107 
traverses through the object because the lower energy spectrum is preferentially absorbed. Beam 108 
hardening can have two immediate results related to spray measurements. First, determining the 109 
equivalent path length (EPL) from Beer-Lambert’s law is more challenging because the exact 110 
value of the X-ray attenuation coefficient is unknown (to be discussed below). Second, 111 
reconstructed X-ray computed tomography images may show nonuniform densities (mass 112 
fractions) in a region that should be a uniform density. Beam hardening corrections can be applied 113 
to reduce their effects on the resulting X-ray image (Heindel, 2011).  114 
X-rays generally penetrate an object of interest through line-of-sight (i.e., in straight lines), 115 
and their absorption depends on the material through which they pass. X-rays are scattered, at a 116 
very small rate through very small angles, but in most imaging situations, this can be ignored. 117 
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There are, however, applications where scattering is actually utilized. Compton scattering is caused 118 
by a photon change in direction and wavelength due to interaction with a loosely bound electron 119 
(Boone, 2000; Selman, 1994). Compton scattering at larger angles produces a background 120 
radiation field that reduces image contrast. 121 
In general, the X-ray intensity (I) after passing through an object is a function of the original 122 
intensity (I0) and the X-ray attenuation through the object (µ), and can be described using the 123 
Beer-Lambert’s law (Pedrotti et al., 2007): 124 
 0I(x, y, ) I (x, y, ) exp (x, y, z, )dz λ = λ − µ λ ∫  (1) 125 
Note that the intensity from the source and that measured after passing through an object is a 126 
function of wavelength (or energy ~ 1/λ, see Figure 2) and location, assuming the source has a 127 
finite size. Also, the attenuation is material (and density) dependent, varies spatially within the 128 
object and depends on the X-ray wavelength (energy).  129 
Equation (1) applies for all X-ray sources. If a monoenergetic X-ray beam from a point 130 
source of intensity I0 traverses through a single phase medium, Eq. (1) can be simplified to: 131 
 0I I exp
  µ
= − ρ  ρ  
  (2) 132 
where I is the X-ray energy recorded by a detector, µ/ρ is defined as the mass absorption coefficient 133 
for the material, ρ is the material density, and  is the X-ray path length through the medium. The 134 
mass absorption coefficient is a function of the X-ray energy and the atomic number of the 135 
absorbing material. The influence of atomic number has been exploited in medical imaging where 136 
solutions containing heavy atoms such as iodine, barium, and bromine, are used to enhance X-ray 137 
visualization. 138 
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For a two-phase system like a spray composed of phase 1 and 2, Eq. (2) can be rewritten 139 
as: 140 
 ( )0 1 2I I exp (1 )= − − ε µ + εµ    (3) 141 
where µ1 and µ2 are the linear absorption coefficients of phase 1 and 2, respectively, ε is the volume 142 
fraction of phase 2, and  is the path length of the X-ray beam through the two-phase flow.  143 
Parameters important to X-ray flow visualization include spatial, temporal, and density 144 
resolution (Chaouki et al., 1997). Spatial resolution represents the minimum distance that two 145 
high-contrasting points can be separated. Temporal resolution identifies the frequency of 146 
successive images at which dynamic objects can be resolved. Density resolution defines the 147 
smallest difference in mass attenuation coefficients the system can distinguish. Cartz (Cartz, 1995) 148 
provides a summary of the factors that affect X-ray image quality and influence resolution. These 149 
include: X-ray source size which can produce a penumbra effect that limits the resolution of tube 150 
sources; object spacing relative to the source and detector, which can magnify the penumbra effect; 151 
detector spacing relative to the source, which can increase the effect of the source size; object 152 
velocity, which can blur the object of interest if the frame rate is not fast enough; and large mass 153 
attenuation variations within the object of interest; which can absorb all of the X-ray energy 154 
passing through it or produce image saturation in the low attenuation regions. 155 
X-rays can be detected through a variety of means. Since X-rays expose photographic film, 156 
many of the early detection techniques were film-based. For current systems, digital detection 157 
through one of two types of electronic detector is preferred (Chotas et al., 1999). Direct conversion 158 
detectors utilize an X-ray photoconductor (e.g., amorphous selenium) to directly convert X-ray 159 
photons to an electrical charge. Indirect conversion detectors employ a two-step process where a 160 
scintillator converts incident X-rays to visible light, and then the light is converted to an electrical 161 
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signal through a photodetector. In both cases, the output from these devices is sensed by an 162 
electronic readout mechanism with an analog-to-digital converter to produce a digital image. 163 
In many X-ray imaging systems, particularly for older types of computed tomography 164 
systems, scintillators are used to convert incident X-rays to visible light, where the greater the X-165 
ray energy, the brighter the light. With a linear array of scintillator detectors, the individual signals 166 
are electronically captured to quantify the X-ray intensity of a fan beam through a single plane. If 167 
the scintillator is a 2D detector and the X-ray source produces a cone beam, an image of the screen 168 
can be taken to record the X-ray intensity, generating a 2D “shadow” image of a 3D object, which 169 
is commonly encountered in simple medical X-rays. 170 
Image intensifiers can also be used to capture 2D radiographic images. These imaging 171 
devices use electrostatic focusing and acceleration of electrons to produce a highly intensified 172 
output image, and, due to this design, the collected images have a slight bow on the edges (a “pin 173 
cushion” distortion). This artifact is not part of the object projection and will distort the image 174 
unless corrected through calibrations. The accelerated electrons are also susceptible to distortions 175 
due to magnetic fields (similar to old CRT screens), which can also be corrected through proper 176 
calibrations (Heindel et al., 2008; Seeger et al., 2003). 177 
3 Tube-Source X-rays 178 
Tube-source X-rays (sometimes referred to as “broadband” X-rays) are commonly found 179 
in medical, material, and portable X-ray imaging devices. The X-rays produced by these devices 180 
have a range of energies like those shown in Figure 2. The upper range is determined by the 181 
source’s maximum operating voltage, while the lower range is set by the target material and filters 182 
used prior to the imaging region (Lorenzi et al., 2017). A significant advantage of tube-source 183 
X-rays is that they are less costly and easier to set up and use compared to synchrotron X-rays 184 
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(Coletti et al., 2014; Lee et al., 2014; Lorenzi et al., 2017). They can also be moved relative to the 185 
object of interest and purchased as “off-the-shelf” items. The disadvantages include the 186 
polychromatic nature of the X-rays, the relatively low X-ray flux, and the difficulty in tuning the 187 
X-ray energy; these challenges can lead to beam hardening, required longer exposures, and 188 
reduced flexibility in imaging options (Lorenzi et al., 2017). 189 
3.1 Radiography 190 
Radiography is the act of obtaining a shadow image of an object using penetrating radiation 191 
such as X-rays or γ-rays (Cartz, 1995). X-ray absorption (attenuation), which is a function to the 192 
total mass (density) along a line-of-sight between the source and detector, is measured in this 193 
process. As shown in Figure 3, an X-ray imaging device can record a 2D projection of a 3D spray 194 
when the spray is placed between an X-ray source emitting a cone beam and a 2D detector.  195 
 196 
Figure 3: A schematic of an X-ray radiography set-up. 197 
Radiography can be likened to a gray-scale picture of an object, with darker regions 198 
associated with object areas of greatest density. The image quality depends on the contrast 199 
developed in the radiograph, which is a function of the X-ray attenuation characteristics of the 200 
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fluid(s) used in the spray. Contrast can be reduced by several mechanisms; some are the result of 201 
X-ray absorption, which is highly dependent on X-ray energy level, while others are the result of 202 
X-ray scattering. X-ray scatter, resulting in secondary X-rays, cause a general fogging of the 203 
image, which reduces the image sharpness, clarity, contrast, and resolution. Scattering can be 204 
reduced by passing the X-ray beam through a metal filter prior to reaching the object of interest to 205 
reduce the amount of soft X-rays reaching the object. An anti-scatter grid can also be placed 206 
directly in front of the detector to minimize the effects of scatter. A blurring of the object edges 207 
can also be caused by a penumbra effect if the X-ray source (spot) size is too large relative to the 208 
object of interest or the object is too close to the source (Cartz, 1995). 209 
A radiographic image of a spray will be blurry unless the detector has a fast enough 210 
response, and the imaging device connected to the detector has a fast enough shutter speed to 211 
freeze the spray motion. With a fast enough system and successive imaging, a digital 2D 212 
radiographic video of a spray can be created. Radiographic imaging of dynamic processes, such as 213 
sprays, has also been referred to as fluoroscopic imaging, where the original definition of 214 
fluoroscopy was to observe an X-ray image on a fluorescent screen in real time (Cartz, 1995). 215 
Hence, the term “fluoroscopic imaging” has also been used when X-ray imaging is completed in 216 
real time using image intensifiers (Gupta et al., 1997). 217 
An example of radiographic spray imaging is shown in Figure 4, where a 4.8 mm ID spiral 218 
jet hollow cone spray nozzle was used to show imaging capabilities (Li et al., 2017b). Figure 4a is 219 
a typical optical photograph of the spray whereas Figures 4b and 4c are individual radiographs of 220 
the same flow conditions at two different instants in time. The radiographs were taken in the X-ray 221 
flow visualization faculty at Iowa State University using a tube source that produces a cone beam 222 
and is described in detail by Heindel et al. (Heindel et al., 2008). The radiographs show the internal 223 
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details of the liquid emanating from the spiral jet hollow cone spray nozzle. An advantage of using 224 
this tube source is that an imaging region of over 33 cm in diameter can be captured in a single 225 
radiograph, allowing a large spray region to be imaged. A challenge with this technique is that if 226 
the spray gets too dilute or is moving too fast, there is not enough X-ray absorption in the spray to 227 
produce a high contrast image (i.e., the signal-to-noise ratio decreases to an unacceptable level). 228 
For example, the radiographs in Figure 4 were acquired with an exposure time of approximately 229 
50 ms, making it too slow to identify individual droplets. 230 
 231 
Figure 4: Sample X-ray radiographs of a spiral jet hollow cone spray operating at a water flow 232 
rate of 3.6 liters/min (ReD = 20,500): (a) visible light image, (b) and (c) X-ray 233 
radiographs at two instants in time. 234 
One of the first to use X-rays to image sprays was Gomi and Hasegawa (Gomi and 235 
Hasegawa, 1984) who imaged an airblast atomizer using an X-ray fan beam. They showed that the 236 
spray thickness was approximately axisymmetric. Kuo’s group at Penn State (Char et al., 1990; 237 
Woodward et al., 1996) were also early users of X-rays to get a better understanding of spray 238 
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breakup in the near-field region. Although crude by today’s standards, their images were highly 239 
informative, and from them, they estimated jet divergent angle, jet breakup length, and jet void 240 
fraction distribution.  241 
Balewski et al. (Balewski et al., 2010) used X-ray radiography to quantify the spray angle 242 
of several nozzles and compared it to that determined from high speed shadowgraphy. In many 243 
cases, the X-ray measurements were nearly identical to shadowgraphy. However, there was one 244 
nozzle which produced a fine droplet cloud where the cloud was opaque to visible light, but the 245 
cloud mass was insufficient to attenuate much of the X-ray energy; in that case, the shadowgraphy 246 
measures of spray angle were ~25% larger than that determined by X-ray imaging. 247 
Halls et al. (Halls et al., 2014b) used an X-ray image intensifier coupled to a high-speed 248 
CMOS camera to produce 2D images of a 3D spray at frame rates of up to 10 kHz. To enhance 249 
the image contrast, potassium iodide salt (KI) was added to the liquid water.  250 
Radiographs produced with a rotating-anode tube source were acquired by Halls et al. 251 
(Halls et al., 2018a). The rotating-anode provided a relatively high flux with a relatively small 252 
source size at frame rates between 10-50 kHz in short bursts of 0.1-10 s. Hence, high-quality 253 
radiographic video was captured with a field of view greater than 10 × 10 mm. They concluded 254 
that a system like they presented allowed for thousands of high-quality sequential images to be 255 
collected for statistical analysis or other higher order modal decompositions, but no such analysis 256 
was provided in their paper. Rahman et al. (Rahman et al., 2018) expanded upon this imaging 257 
system by assembling a high-speed X-ray imaging system with three rotating-anode tube sources 258 
and three high-speed cameras. They modeled the system to account for the variable attenuation 259 
coefficient, which allowed them to quantify the equivalent path length from the three unique 260 
projections taken at the same instant in time. 261 
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3.2 Flash X-ray Radiography 262 
Similar to high-speed stop-motion photography, or high-speed radiographs (Halls et al., 263 
2014b; Morgan et al., 2013), flash X-ray radiography (FXR) is an X-ray radiographic imaging 264 
process where an intense burst of radiation is produced for a fraction of a second (on the order of 265 
ns) to record high-speed events that are obscured by dust, smoke, or light. FXR can also capture 266 
images of inclusions or voids inside opaque objects that are part of these dynamic events (Heindel, 267 
2011).  268 
Farrington (Farrington, 1988) was one of the first to use FXR imaging to visualize spray 269 
formation. His system focused on black liquor sprays, which are commonly found in the pulp and 270 
paper industry. Triantafillopoulos and Farrington (Triantafillopoulos and Farrington, 1988) state 271 
there are several challenges associated with FXR imaging. First, a relatively high voltage is 272 
required to obtain the required X-ray intensity during the short duration pulse. Second, a fast 273 
detector system is needed since the intensity per pulse is limited. Third, relatively large X-ray spot 274 
sizes are needed because it is not possible to provide adequate cooling for small spot sizes during 275 
the high intensity, short duration pulse; this will adversely affect the spatial resolution and image 276 
sharpness. Finally, the system parameters cannot be adjusted during the short duration pulse; this 277 
implies optimal imaging parameters require significant trial-and-error as well as experience. 278 
Recently, Halls et al. (Halls et al., 2016) used an FXR system to image an impinging jet 279 
spray. They determined that FXR can produce single-shot, two-dimensional images with a 280 
temporal resolution of 10 ns, but the system also resulted in a reduction in image resolution and 281 
signal-to-noise ratio when compared to focused beam radiography (to be discussed below). 282 
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3.3 Computed Tomography 283 
X-ray computed tomography (CT) imaging was first developed by G.N. Hounsfield in 284 
1972 (Hounsfield, 1976). It is based on the mathematical process of reconstructing a function 285 
based on multiple projections (a Radon transformation), which was originally proposed by Radon 286 
in 1917 (Radon, 1917). The reconstruction produces a two-dimensional cross-sectional image of 287 
an object showing internal details. Tomography literally means “the picture of a slice” (Cartz, 288 
1995).  289 
The process of CT imaging includes an X-ray source illuminating the object of interest and 290 
projecting the transmitted X-ray intensity onto an imaging device. Projections from several 291 
hundred orientations are collected into so-called sinograms and reconstructed with standard 292 
algorithms, such as filtered back projection (Barrett and Swindell, 1981; Feldkamp et al., 1984; 293 
Hsieh, 2003), generating an image of the object cross-section. If the X-ray source is a fan beam, a 294 
single slice is reconstructed. The object or source/detector pair are then moved a small amount 295 
perpendicular to the fan beam to generate another slice. By acquiring multiple slices, a 3D 296 
reconstruction can be generated by stacking the individual slices. Alternatively, as schematically 297 
shown in Figure 5, an X-ray cone beam can produce several slices in a single scan, producing a 298 
3D reconstructed image of a hollow cone spray; this type of CT is sometimes called a “volume 299 
CT” image. 300 
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 301 
Figure 5: A schematic of an X-ray computed tomography (CT) set-up where the source and 302 
detector rotate around the spray region. 303 
To reconstruct a reliable image, it is essential that each projection be of a static object. This 304 
is not possible in an operating spray, so each projection is acquired over a time scale that averages 305 
any signal fluctuation (Ikeda et al., 1983). Hence, X-ray CTs usually produce time-average details 306 
of the object’s internal features, similar to a medical CAT scan. Using a 2D detector array, multiple 307 
slices can be collected during a single exposure; each slice is from one horizontal row of pixels. 308 
Two methods can be applied in reconstructing these data. The first is to reconstruct each row of 309 
pixels as a slice and stack the slices into a 3D volume. The second method is to use a cone beam 310 
reconstruction algorithm to limit the distortions introduced in rows farthest away from the central 311 
fan beam of the CT system (Kak and Slaney, 1988).  312 
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The resulting reconstructed CT image is a 3D representation of gray scale values that can 313 
be related to the local time-average attenuation coefficient at each voxel (3D pixel). Since the 314 
attenuation coefficients are material properties that can be related to local density variations, the 315 
gray scale maps can be interpreted as material distributions, and with proper calibrations, can 316 
quantify time-average phase distributions. 317 
For example, CT imaging was used by Balewski et al. (Balewski et al., 2010) to determine 318 
the 3D time average density distribution of various nozzles. The local density was determined from  319 
 
medium
(x, y)(x, y) µρ =
µ
 (4) 320 
where µ(x,y) was determined from the CT image (neglecting beam hardening) and mediumµ  was the 321 
attenuation at the centerline of the solid liquid jet. 322 
CT imaging can reconstruct the entire 3D region of the spray. From the 3D image, various 323 
slice planes can then be investigated as shown in Figure 6 for the spiral jet hollow cone spray 324 
shown in Figure 4. The x- and y-centerline slice planes correspond to perpendicular planes through 325 
the nozzle centerline, and the z-slice planes represent horizontal slices perpendicular to the nozzle 326 
centerline. The slice planes show a color-coded map of time-average CT number in the respective 327 
plane. A false color can be applied to the time-average CT numbers where blue is the least dense 328 
region (air) and red is the most dense region (plastic spiral nozzle filled with water). From these 329 
images, the liquid core is easily identified within the nozzle body. The lighter blue regions 330 
downstream of the nozzle tip show the time-average CT number and correlate to where water 331 
streams are observed. The light blue regions in the x- and y- slices get darker and then become the 332 
blue background as they propagate away from the nozzle tip, which corresponds to where the spiral 333 
jet spray becomes so dilute that the water droplets do not absorb enough X-ray energy to 334 
distinguish them from the surrounding air. In the z-slices, z < 0 is above the nozzle tip and z > 0 is 335 
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below the nozzle tip. Displaying the data in this fashion clearly shows the spiral jet and where it 336 
dissipates into a dilute field of individual drops. 337 
 338 
Figure 6: X-ray CT slice planes from a spiral jet hollow cone spray. 339 
One advantage of CT imaging is that data in the entire 3D volume are available, not just 340 
the slice planes shown in Figure 6. For example, all the data for the spiral jet hollow cone spray 341 
can be assembled into 3D renderings of the time-average CT map. The 3D renderings in Figure 7 342 
show the time-average density map of the spiral jet hollow cone spray, and were generated with a 343 
given threshold value for the 3D CT map. Different thresholds can lengthen or shorten the time-344 
average liquid region, and the chosen threshold is a compromise between a noisy image and one 345 
not showing any liquid. One advantage of the 3D rendering of the CT values is that the spray shape 346 
can easily be reconstructed and internal features can be captured. 347 
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 348 
Figure 7: X-ray CT 3D renderings of the spiral jet hollow cone spray. 349 
When reconstructing X-ray CT images, artifacts within the image can cause large sources 350 
of error. Artifacts come from three primary sources: beam hardening, ring artifacts, and abrupt 351 
changes in density (Ketcham and Carlson, 2001). Beam hardening is the most common artifact 352 
found in X-ray CT reconstructions and causes the edges of the object to appear brighter than the 353 
center, even when the material is homogeneous (Ketcham and Carlson, 2001). It can be reduced 354 
by filtering low energy “soft” X-rays with metal filters. It can also be corrected through a wedge 355 
calibration (Ketcham and Carlson, 2001). Ring artifacts are caused by nonuniform response of 356 
adjacent detector elements to changes in X-ray energy. These artifacts can be minimized through 357 
proper detector calibration (Heindel et al., 2008; Ketcham and Carlson, 2001). Finally, abrupt 358 
changes in system density, sometimes called “starburst artifacts,” result in sharp changes in 359 
intensity signals that leads to streaks in the reconstructed image due to mathematical relationships 360 
in the reconstruction algorithms. The best way to minimize streaking in the reconstructed image is 361 
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through system design to minimize sharp density differences in the imaging region (e.g., replace 362 
metallic pieces with less dense plastic or nylon pieces) (Heindel et al., 2010). 363 
One of the challenges with X-ray CT imaging of sprays using a tube source is having the 364 
spray region provide enough X-ray attenuation to discriminate regions of spray and no spray. To 365 
increase X-ray attenuation in the spray region (as well as quantify beam hardening), image 366 
contrasting agents like potassium iodide (KI) can be dissolved in the liquid. Radke et al. (Radke et 367 
al., 2014) have dissolved KI in water to increase image contrast because the iodide increases the 368 
X-ray absorption. By varying the KI concentration in a 5 mm thick cuvette, they showed the 369 
attenuation coefficient increase was approximately linear until a mass concentration of 30% KI, 370 
allowing for them to neglect beam hardening effects in their CT reconstructions. Furthermore, 371 
Halls et al. (Halls et al., 2014a) have shown that water with 15% by mass KI as a contrast agent 372 
had negligible effects on the water density and viscosity, and they observed no differences in flow 373 
behavior. 374 
The CT imaging of sprays takes time to acquire the data, necessitating the time-average 375 
reconstructions. It is possible to produce time-resolved X-ray CT images, but the imaging systems 376 
are very complex (Barthel et al., 2015; Bieberle and Barthel, 2016; Mudde, 2010; Saayman et al., 377 
2013). For example, Lim et al. (Lim et al., 2013) used three fan beam tube sources and high-speed 378 
linear X-ray detectors to complete CT imaging of two different sprays. With their setup, they claim 379 
high spatial (0.1 mm) and high temporal (1.1 kHz) resolution, but they can only acquire one CT 380 
slice at a time. Also, they have a soft X-ray energy source which could result in beam hardening, 381 
but they assumed this effect was negligible. 382 
A three-view high-speed imaging system has also been developed by Rahman et al. 383 
(Rahman et al., 2018), but their X-ray sources produced cone beams, providing three independent 384 
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2D projections of a spray. They used a multiplicative algebraic reconstruction technique (MART) 385 
algorithm found in image processing software to produce 3D reconstructions of a 60° solid cone 386 
injector. They were able to acquire imagines for reconstruction at a rate of 10 kHz with an 387 
intensifier gate set at 20 µs. They did extensive post-processing to reconstruct the images, which 388 
accounted for detector response time, source fluctuations, pixel normalization, and a variable 389 
attenuation coefficient determined by modeling the imaging system and calibration. They 390 
estimated their volume spatial resolution to be on the order of 1 mm. Sample CT reconstructions 391 
were presented but additional analysis was not provided. 392 
A medical grade X-ray source was used by Coletti et al. (Coletti et al., 2014) and Vasquez 393 
Guzman et al. (Vasquez Guzman et al., 2014) to provide CT imaging of a full-cone atomizer. A 394 
fluid used in medical imaging doped with iodine was used to enhance the X-ray absorption to 395 
better differentiate between the spray and no-spray region. They rotated the operating spray to 396 
capture several radiographic projections on their fixed X-ray source/detector pair to produce time-397 
average 3D CT reconstructions of the spray. A similar experimental set-up was used by Lee et al. 398 
(Lee et al., 2014) who compared shadowgraph measures with those from X-ray CT imaging. 399 
Detailed X-ray CT imaging of a small region is typically referred to as micro computed 400 
tomography (microCT or µCT), where voxel sizes on the order of 10 µm or less are common. 401 
Dedicated table-top microCT devices have found significant use in materials processing 402 
environments, but the total imaging volume is typically on the order of 1 cm3. Although larger 403 
than off-the-self microCT units, a dedicated microCT device for spray imaging was presented by 404 
Mitroglou et al. (Mitroglou et al., 2016) and Lorenzi et al. (Lorenzi et al., 2017) who used their 405 
facility to image cavitation in a 3 mm diameter, 9.5 mm long spray injection channel. It took almost 406 
one hour to acquire their microCT data, so their CTs provide time average information, but it did 407 
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show channel manufacturing variations that affected the cavitation process. They indicated that 408 
such information is needed for more realistic geometries when modeling cavitation and subsequent 409 
spray formation processes with computation fluid dynamics (CFD) codes. 410 
Marchitto et al. (Marchitto et al., 2015) describe a microCT technique using a conventional 411 
tube-source X-ray device coupled to advanced X-ray optics (i.e., a polycapillary tube). The X-ray 412 
optics provide high-intensity quasi-parallel X-ray beams that reduce blurring and increase contrast 413 
at the edges of the object of interest. They were able to produce 3D microCT reconstructions from 414 
a gasoline direct injection (GDI) 6-hole injector. 415 
As summarized above, tube source X-ray have been used by several research groups to 416 
image sprays, but these sources have challenges in the type of data that can be acquired as well as 417 
the analysis that can be performed. X-rays produced by a synchrotron source have also been used 418 
in spray imaging, and provide some advantages (as well as challenges) over tube source X-rays. 419 
Studies using synchrotron X-ray sources will now be reviewed. 420 
4 Synchrotron X-rays 421 
Synchrotron light sources, like that found at the Advanced Photon Source (APS) at 422 
Argonne National Laboratory, are high-energy particle accelerators. Large magnets are placed 423 
around the particle accelerator to steer the electrons (or positrons, depending on the facility) to 424 
force them to travel in a ring. Every time the particle is diverted by a bending magnet, an X-ray is 425 
produced in a direction tangent to the particle travel. X-rays produced by a synchrotron source are 426 
polychromatic like those produced by tube sources, but they are highly collimated and produce a 427 
much higher flux (by up to 6 orders of magnitude higher (Matusik et al., 2018)), allowing for a 428 
more effective use of X-ray optics (Halls et al., 2018b). X-rays produced with a synchrotron source 429 
are found only at selected facilities like APS. Details of the APS capabilities are found elsewhere 430 
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(Kastengren and Powell, 2014; Kastengren et al., 2012); the differing imaging capabilities relative 431 
to sprays are summarized below. 432 
4.1 Focused Beam Radiography 433 
Radiography using a synchrotron X-ray source is very similar to radiography using a 434 
broadband X-ray source – it is a line-of-sight measure of the X-ray absorption (attenuation). The 435 
main advantage of synchrotron X-rays is that they can be filtered and focused to be  436 
monochromatic so beam hardening effects can be neglected. Another advantage of synchrotron 437 
X-rays over tube sources is that the beam, when highly focused, has very little divergence (on the 438 
order of milliradians), providing both high spatial resolution and temporal resolution. For example, 439 
Duke et al. (Duke et al., 2013) were able to achieved a 5 µm spatial resolution and 3.6 µs temporal 440 
resolution when quantifying nozzle cavitation. A limitation of synchrotron radiography is that, for 441 
weakly absorbing media, changes in X-ray intensity can easily be corrupted by signal noise and 442 
detector drift (Kastengren et al., 2011). 443 
Focused beam radiography using a synchrotron source like that at APS is completed by 444 
first focusing the beam using a set-up similar to that shown in Figure 8 and then raster scanning 445 
the spray by moving it through the fixed beam. A challenge for focused beam radiography is that 446 
the measurements are acquired at discrete locations, which may require a significant amount of 447 
time to record the desired number of measurements or interpolation between locations may be 448 
necessary. Hence, it may take several hours to get a full picture of the spray. A benefit of focused 449 
beam radiography is that the beam provides a small spot size, which provides a high spatial 450 
resolution in which spray features can be explored in great detail (Eberhart et al., 2014). 451 
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 452 
Figure 8: Schematic of the focused beam radiographic set-up at the Advanced Photon Source 453 
(APS). The given distances are approximate from the bending magnet origin and 454 
component locations are not to scale. Image adapted from (Duke et al., 2013; 455 
Kastengren et al., 2012). 456 
In general, initial uses of focused beam radiography for spray imaging provided data that 457 
were ensemble averaged and pathlength integrated, and typically represent persistent spray 458 
features rather than instantaneous flow features (Kastengren and Powell, 2007). However, with a 459 
monochromatic X-ray beam from a synchrotron source, Eq. (2) can be rearranged to determined 460 
instantaneous projected density (Kastengren et al., 2009):  461 
 0f IM(t) ln
I(t)
 ρ
=  ε  
 (5) 462 
where M(t) is the projected local mass per unit area at time t, ρf is the liquid density, ε is the linear 463 
absorption coefficient of the liquid (in mm-1), I0 is the X-ray intensity at the source, and I(t) is the 464 
X-ray intensity at the detector at the given time, t. Hence, a significant advantage of focused beam 465 
measurements of highly repeatable sprays like in a fuel injector is that mass distributions at given 466 
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times can be assembled (Kastengren and Powell, 2007; Kastengren et al., 2009; Kastengren et al., 467 
2014). Additionally, knowing the liquid composition and synchrotron wavelength, ε can be 468 
determined (Hubbell and Seltzer, 2004). Equation (2) can also be rearranged to provide the 469 
equivalent path length (EPL) of liquid through which the X-ray beam passes: 470 
 0I1EPL ln
I(t)
 
= =  ε  

 (6) 471 
Note that EPL represents the total amount of liquid along the beam path at the given instant in 472 
time. Hence, there is no way to differentiate between a single large drop of liquid and multiple 473 
small droplets that encompass the same distance along the beam path. 474 
A recent example of how focused beam radiography can be used to probe spray EPL is 475 
shown in Figure 9 (Bothell et al., 2018), where the spray was formed using a canonical airblast 476 
atomizer (Machicoane and Aliseda, 2017) with a water Reynolds number Rel = 1000 and an air 477 
flow Reynolds number Reg = 16,700. In Figure 9a, a short time sequence of instantaneous 478 
equivalent path length is shown. These data were taken at an effective frequency of 270 kHz so 479 
the 1.2 ms time sequence contains 324 data points. The instantaneous equivalent path length was 480 
computed from Eq. (6). The entire time sequence contains several million data points. By raster 481 
scanning through the spray, the average equivalent path length can be determined at each raster 482 
scan location, and then by linearly interpolating between the discrete averaged data points, the 483 
entire average projected flow field can be determined (Figure 9b). The atomized spray may have 484 
some periodic structure and this can be determined by calculating the standard deviation (SD) at 485 
each location and then linearly interpolating between those points to estimate the entire flow field 486 
SD. Hence, as shown in Figure 9c, the intact length can be estimated by identifying the region with 487 
the maximum SD. 488 
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 489 
Figure 9: Sample data available from focused beam radiographic measurements: (a) short time 490 
sequence of instantaneous EPL , (b) contour map of average EPL, and (c) contour map 491 
of EPL standard deviation (Bothell et al., 2018).  492 
Many of the focused beam radiographic studies using the APS at Argonne National 493 
Laboratory have focused on diesel spray injection, with one of the first diesel spray studies 494 
completed by Powell and Yue (Powell et al., 2000; Yue et al., 2001). They were the first to show 495 
that the liquid mass distribution in the optically dense near-field region could be described with a 496 
self-similar Gaussian distribution. Additional focused beam studies related to diesel sprays have 497 
since been used to quantify jet penetration length (Kastengren and Powell, 2007), projected spray 498 
density (mass/area) (Kastengren and Powell, 2007; Kastengren et al., 2009; Kastengren et al., 499 
2014), spray cone angle or width (Kastengren et al., 2009), and mass-average velocity (by 500 
integrating the projected mass/area across the spray at a given axial location) (Kastengren et al., 501 
2009); most of these studies involved research-grade nozzle injectors.  502 
One of the first X-ray imaging studies using a 6-hole full production nozzle was completed 503 
by Ramírez at al. (Ramírez et al., 2009); although this was not strictly a focused beam study, they 504 
did limit the monochromatic beam to 260 µm × 50 µm using X-ray slits. This configuration was 505 
then used to raster scan the imaging region, while at each location 128 successive spray events 506 
were recorded and then averaged to determine rate of injection, penetration length, projected 507 
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density, axial jet velocity, and cone angle. If scans from multiple nozzle orientations are completed, 508 
and the projected spray density assumes a given distribution, 3D maps of the spray liquid density 509 
can be estimated (Cai et al., 2003; Kastengren et al., 2014). 510 
In addition to diesel sprays, other spray configurations have been investigated using the 511 
APS facilities, including shear coaxial jet injectors (Lightfoot et al., 2015; Schumaker et al., 2013), 512 
liquid-centered swirl coaxial injectors (Eberhart et al., 2014), impinging jet injectors (Halls et al., 513 
2014a), coaxial airblast atomizers (Bothell et al., 2018), jets in cross flow (Lin et al., 2016), 514 
cryogenic rocket injectors (Radke et al., 2017), metered-dose inhalers (Mason-Smith et al., 2016), 515 
and cavitating nozzles (Duke et al., 2013). 516 
Data rates from the focused beam can be very fast and can be used to probe high-speed 517 
spray fluctuations and instabilities. For example, the spray data in Figure 9 were analyzed by 518 
Bothell et al. (Bothell et al., 2018) with a fast Fourier transform (FFT) and the power spectral 519 
density can be plotted at different locations. A sample of this analysis is shown in Figure 10. The 520 
center image represents the average EPL determined from the focused beam measurements. The 521 
horizontal lines across the center image represent the downstream locations at which the focused 522 
beam scan was completed and the length of the line represents the span of the scan. The intensity 523 
scale for the power spectra along the right side of the figure is the same in all frequency plots. 524 
The upper left frequency plot in Figure 10, taken at y = 0.5 mm down from the airblast 525 
nozzle exit, shows a dominant frequency of just below 10 kHz that originates along the edges of 526 
the liquid stream. The inner diameter of the liquid nozzle in this study was 2.1 mm and the 527 
instabilities are shown to go slightly beyond that. These high intensity frequencies show that there 528 
is a range of natural harmonics. Similar types of power spectral density plots were compiled by 529 
Duke et al. (Duke et al., 2013) for a cavitating nozzle. 530 
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 531 
 Figure 10: Frequency plots from focused beam measurements of an airblast atomizer. 532 
The high data rates that are available at APS were used by Lightfoot et al. (Lightfoot et al., 533 
2012) to extract droplet diameter and velocity in the near-field region of a spray. They acquired 534 
focused beam data at a rate of 1 MHz and then analyzed the signal to identify peaks and troughs 535 
that identified a passing droplet. Equation 5 was used to identify the instantaneous EPL. The 536 
maximum EPL between two troughs determined the droplet diameter and the time between trough 537 
and peak (or peak and trough) was used to estimate the droplet velocity. They were able to measure 538 
droplet diameters as small as 35 µm. In their analysis, droplet velocity was a function of droplet 539 
size and the resulting maximum velocity was related to vmax = dp/10, where dp is the droplet 540 
diameter in microns and vmax is the maximum velocity (in m/s) that can be resolved. 541 
Radke et al. (Radke et al., 2017) used the high data rates available from focused beam 542 
measurements to investigate turbulence spectra in an evolving cryogenic spray. Their goal was to 543 
determine if the power spectra from the resulting fluctuations followed the scaling laws of 544 
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homogenous isotropic turbulence; it does under certain conditions. They concluded that one unique 545 
feature of their study was that X-ray imaging could probe the cryogenic spray in its interior, which 546 
is not possible with optical-based methods. 547 
Halls et al. (Halls et al., 2014a; Halls et al., 2012) completed one of the few X-ray imaging 548 
studies where results from synchrotron X-ray imaging were compared directly to tube-source 549 
X-ray imaging. They used an impinging-jet spray in their study. Using the synchrotron data as a 550 
standard, it was found that tube-source measurement errors of 8% or lower were achievable for 551 
2D EPL measurements within spray features as small as 1 mm in the image plane. For broader 552 
features, the percent error improved and it was possible to measure EPL values as low as 20 µm. 553 
A significant improvement in SNR was achieved by using a contrast enhancing agent, such as KI 554 
salt dissolved in water. Using a KI mass concentration of 15% in distilled water, the dynamic range 555 
was about 330:1 (i.e., 15 µm to 5 mm). One advantage of the broadband tube source, aside from 556 
its ready availability and portability, was that fully 2D large-frame images of the entire spray were 557 
acquired without raster scanning a point source. The narrowband synchrotron source, on the other 558 
hand, was not subject to beam hardening, and its energy of ~10 keV lead to sufficient levels of 559 
attenuation for measuring EPL values down to about 5 µm with excellent SNR. In addition, the 560 
focus spot size of the synchrotron source (5 µm × 6 µm) better approximated a point source to 561 
minimize the penumbra effect. A similar focused beam comparison to tube sources was completed 562 
by Li et al. (Li et al., 2018) where the broadband tube source detector had to be farther away from 563 
the spray. This configuration resulted in the penumbra effect causing blurring along the spray 564 
edges that required corrections, which were not needed in the focused beam measurements.  565 
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4.2 White Beam Radiography 566 
Synchrotron X-ray sources can also provide high intensity broadband X-rays that can be 567 
used for 2D radiographic imaging with microsecond or sub-microsecond time resolution (Halls et 568 
al., 2017b). It is called white beam radiography because the high intensity continuous wave beam 569 
is composed of a range of energies (wavelengths) like that shown in Figure 2, similar to white light 570 
being composed of a range of wavelengths in the visible spectrum. In white beam imaging, the 571 
X-rays coming from the synchrotron do not pass through any of the focused beam hardware shown 572 
in Figure 8. Instead, the “raw” beam may pass through metal filters to remove very soft X-rays 573 
and then pass directly through the object of interest. In the case of sprays, a lead rotating shutter 574 
or “chopper wheel” is placed in the beam to reduce the total energy entering the imaging area to 575 
prevent X-ray degradation of any materials in the beam path. Once passed the spray, the X-ray 576 
beam is captured by a scintillator detector that fluoresces visible light proportional to the amount 577 
of captured X-ray energy. Hence, in dense spray regions, more X-rays are absorbed by the spray 578 
and less are incident on the detector. The detector image is then reflected using a mirror into a 579 
high-speed digital camera that is shielded from the X-rays. An advantage of white beam imaging 580 
is that a pure liquid core can easily be visualized, which is not the case using focused beam 581 
radiography. For example, Linne (Linne, 2012) has stated that there is a question as to whether 582 
focused beam radiography can detect the liquid core independent of liquid droplets; white beam 583 
radiography can answer this question. 584 
Examples of white beam radiography are shown in Figure 11. The center image is a single 585 
frame from high-speed shadowgraphy of an airblast atomizer. Air with equal volumetric flow rates 586 
of parallel flow and tangential flow (for a swirl ratio of SR = 1) surrounds a 2.1 mm ID circular 587 
water jet. The water Reynolds number is Rel = 1000 and the air flow Reynolds number is Reg = 588 
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16,700. The high-speed shadowgraph image encompassed a relatively large imaging area and jet 589 
bags, ligaments, and droplets are visible. However, the shadowgraph only shows the outline of the 590 
spray structures and no internal details are provided. In contrast, white beam radiography can 591 
produce high-speed radiographic images, but the imaging region is much smaller (~5 × 6 mm). 592 
Several white beam imaging regions are identified in Figure 11a by the white boxes.  593 
 594 
Figure 11: High-speed shadowgraph of a swirling airblast atomizer (a, center) and high-speed 595 
white beam radiography (b-e) of the same swirling airblast atomizer operating at the 596 
same conditions at selected near-field locations identified in (a) by the white boxes. 597 
Figure 11b (upper left image) highlights one of the unique abilities of white beam 598 
radiography. Imaging into the aluminum nozzle is possible where the walls of the aluminum liquid 599 
nozzle are identified; water actually wicks up the outside of the liquid nozzle under these flow 600 
conditions and is identified by the “*” in the image. The different gray scales in the water region 601 
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outside the nozzle exit plane indicate different thicknesses of water, where darker regions are 602 
associated with more water. Figure 11c extends the nozzle exit region. Bag formation is visible as 603 
well as a few small liquid droplets. Another unique ability of the white beam imaging is that air 604 
bubbles within the liquid region are visible, which is not possible with shadowgraphy. Others have 605 
made similar observations of air bubbles in liquid droplets (Heindel et al., 2017b; Radke, 2017). 606 
For example, Lin et al. (Lin et al., 2011a) observed “gas voids inside droplets of aerated-liquid 607 
sprays” using phase contrast imaging (described below).  608 
Moving away from the nozzle exit (Figure 11d) shows more air bubbles in the liquid and 609 
liquid ligaments and droplets. Finally, the spray is composed of mostly liquid droplets farther 610 
downstream (Figure 11e), however, air bubbles are visible within the liquid droplets, which can 611 
only be captured with high-speed X-ray imaging. Assembling the high-speed white beam 612 
radiographs into videos at reduced frame rate can provide a lot of insight into the near-field spray 613 
dynamics (see, for example, (Heindel et al., 2017a; Li et al., 2017a)). 614 
The white beam imaging capability at APS allowed Lin et al. (Lin et al., 2017) to view the 615 
gas-liquid flow dynamics inside a beryllium aerated-liquid injector to characterize the two-phase 616 
flow inside the injector as well as estimate the bubble velocity inside the liquid. Halls et al. (Halls 617 
et al., 2017b) also used white beam imaging to characterize an impinging jet spray. The ability to 618 
produce continuous high-speed X-ray images of the spray allowed for temporal tracking of the 619 
equivalent path length (EPL), impact wave dynamics, and subsequent liquid sheet breakup. They 620 
also studied mixing of the two impinging jets by dissolving 50% by weight KI salt in one stream. 621 
The different X-ray attenuation values for the two liquid streams allowed for the differentiation of 622 
the water-only and water-KI stream, which provided a lot of insight into the mixing dynamics. 623 
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4.3 Monochromatic Beam Radiography 624 
Monochromatic (mono) beam radiography is a compromise between the point-source 625 
focused beam measurements and the larger region white beam imaging. In this technique, the 626 
X-ray beam from the synchrotron passes through the double layer monochromator shown in Figure 627 
8 (identical to focused beam radiography), but does not pass through the focusing mirrors. Hence, 628 
an expanded mono beam passes through the spray and is captured by a scintillator detector and 629 
imaged with a high-speed camera (similar to white beam radiography). An advantage of this 630 
technique is that a wider region of the EPL can be instantaneously captured, as shown in Figure 631 
12, where the local EPL was determined using Eq. (6) applied at every pixel location.  632 
 633 
Figure 12: Sample mono beam image showing instantaneous equivalent path length from an 634 
airblast atomizer with Rel = 1000, Reg = 16,700, and SR = 0. The color map shows the 635 
instantaneous EPL over the given region. 636 
Morgan et al. (Morgan et al., 2018) were one of the first to use mono beam imaging of a 637 
spray using the same airblast atomizer as used by others (Bothell et al., 2018; Heindel et al., 2017b; 638 
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Li et al., 2018; Machicoane and Aliseda, 2017). They identified significant challenges that must 639 
be addressed for mono beam imaging to be useful. Specifically, the moving background introduced 640 
by the combination of the X ray source movement and vibrations in the monochromator caused 641 
non-trivial noise to the images, which both lowered the visual quality of the images as compared 642 
to white beam radiography, as well as reduced the precision of the data as compared to focused 643 
beam radiography. For example, the artifacts found in the background region of Figure 12 (i.e., 644 
where EPL = 0) are the result of image movement, where the given image is normalized with a 645 
flat field (no spray) image. The background discontinuities are very distinct and do not cancel out 646 
because there was a small shift between the instantaneous image and flat field reference image. 647 
Additionally, the low intensity of the X-ray beam as compared to white beam radiography required 648 
the use of much longer image exposure times, which introduced motion blur into the images and 649 
created the potential for dynamic bias error. For example, the white beam images in Figure 11 650 
were acquired with a shutter speed of 1.05 µs, while the mono beam images in Figure 12 had a 651 
shutter speed of 277.8 µs to allow for sufficient light to produce the image. In spite of these 652 
challenges, they showed that instantaneous EPL measures over a wider field of view were possible.   653 
4.4 Phase Contrast Imaging 654 
Another white beam ultra-fast imaging technique is phase contrast imaging (PCI) (Lin et 655 
al., 2011a) and it requires a high energy coherent X-ray beam like that found at APS. PCI is based 656 
on the differences between the refractive index of a sample and its environment. The X-ray beam 657 
passes through the spray and is allowed to propagate some distance past the spray. A phase shift 658 
is produced at the gas-liquid interface, creating a Fresnel diffraction pattern, which enhances the 659 
absorption contrast at the interface. Several methods have been used to complete PCI (Kastengren 660 
and Powell, 2014). One of the simplest allows the X-rays to propagate some distance after the 661 
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image region. The free-space propagation enhances the diffraction pattern as the X-rays energize 662 
a scintillator, which is then imaged using conventional optics. The absorption contrast is most 663 
improved at the phase interface and provides enhanced imaging of dynamic processes.  664 
Depending on conditions, PCI can result from simple white beam radiography. For 665 
example, Figure 13 shows an enlarged subregion from Figure 11e where the contrast of the image 666 
was digitally adjusted to easily identify PCI. The enhanced phase contrast regions are shown by 667 
the “white-ish glow” around the water droplets. Note that the smaller water droplets do not “glow” 668 
as much because the attenuation difference between the air and a small water droplet is not as 669 
much as that between air and a larger water droplet. The enhanced phase contrast is also shown by 670 
the air bubbles trapped inside water droplets. 671 
 672 
Figure 13: Example of phase contrast imaging around water droplets in air. 673 
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Wang et al. (Wang et al., 2008) were one of the first to show PCI of an injection event from 674 
a dual-hole nozzle with a 250 µm inner diameter. They compared shadowgraphy, which only 675 
showed the outline of the spray region, with PCI of a similar injection. The PCI image of the 676 
injection event provided internal details of a very complex structure.  677 
Moon et al. (Moon et al., 2015; Moon et al., 2017) used single- and multi-exposed phase 678 
contrast images to characterize jet breakup, droplet formation, and droplet dynamics in the near-679 
field region of different gasoline direct-injection (GDI) injectors. The single-exposed PCI images 680 
provided information on ligament/droplet circularity and size. The multi-exposed PCI images were 681 
analyzed with auto-correlation methods to identify velocity information of the largest structures in 682 
the image sequence, which had the highest correlation function. With these measurement 683 
techniques, they were able to quantify Sauter mean diameter and axial velocity as a function of 684 
axial distance in the near-field region of several sprays operating over a range of conditions. 685 
Zhang et al. (Zhang et al., 2016) used PCI to image the exit region of a single-hole diesel 686 
injector as well as two-hole diesel injectors with different hole-to-hole angles. They determined 687 
the effect of injection pressure, needle lift, and fuel properties on the spray width and shape. PCI 688 
allowed details of the injector exit region to be visualized, and included the identification of needle 689 
lift conditions that promoted cavitation and spray asymmetries. 690 
Phase contrast imaging was used by Kotani et al. (Kotani et al., 2018) to determine local 691 
liquid velocity and local liquid volume fraction in a cavitating nozzle. Hollow glass spheres on the 692 
order of 10 µm in diameter were used to seed the liquid while PCI with high speed imaging was 693 
used to identify particle location in sequential frames. The hollow glass spheres were used for 694 
particle tracking velocimetry to determine local liquid velocity and the local particle number 695 
density was used to estimate local liquid volume fraction. 696 
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Shi et al. (Shi et al., 2018) implemented PCI to assess how spray hole shape, needle lift, 697 
and hole number influenced spray vortex dynamics and the near-nozzle spray morphology. 698 
Although the field of view was rather small (1.7 × 1.3 mm), detailed spatial variations were 699 
observed with a pixel resolution of 0.66 µm/pixel and a temporal resolution of 50 kHz. Their 700 
imaging results were used to help explain CFD simulations of the same nozzles, where they 701 
concluded small changes in the nozzle geometry resulted in significant differences in the near-702 
nozzle spray. 703 
One challenge with PCI, as pointed out by Linne (Linne, 2013), is that the X-rays travel 704 
primarily in straight lines through the spray, potentially crossing many gas-liquid interfaces. When 705 
there are many such interfaces along a line of sight, each one is layered on top of the other on the 706 
imaging device, making it difficult to interpret, similar to the mass of water droplets in the upper 707 
right hand region of Figure 13. However, if a single interface can be identified, like in other regions 708 
of Figure 13, the enhanced contrast at the interface is beneficial. Another challenge of PCI is that 709 
it is very difficult to obtain quantitative information from the enhanced qualitative visualizations 710 
(Kastengren and Powell, 2014). 711 
4.5 X-ray Fluorescence 712 
X-ray fluorescence is ideally suiting for quantifying weakly absorbing media like that 713 
found in sprays (Kastengren et al., 2011). In this technique, the high flux from synchrotron X-rays 714 
are used to excite an X-ray fluorescing media (similar to laser-induced fluorescence) such that the 715 
media will uniformly emit X-rays with a characteristic spectrum, which is dependent on the given 716 
media. The strength of the emitted signal is proportional to the amount of the media in the beam 717 
path. Media that have been used with this technique include argon, krypton, xenon, bromine, zinc, 718 
nickel, copper, and cobalt (Halls et al., 2015; Kastengren, 2017). An energy-dispersive photon-719 
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counting detector is used to discriminate the energy of each photon received by the detector, 720 
allowing for the recording of only fluorescing photons (Kastengren and Powell, 2014), which are 721 
independent of temperature, pressure, and physical phase (Duke et al., 2016a; Radke et al., 2015). 722 
The fluorescence detector is typically mounted orthogonal to the X-ray beam to minimize scatter 723 
(Figure 14), and a collimator may be mounted in front of the detector to further reduce scatter. In 724 
this way, two or more constituents can be measured simultaneously to allow multi-component 725 
mixing to be assessed. One challenge with X-ray fluorescence is that since the X-ray fluorescence 726 
flux is typically orders of magnitude lower than the incident beam flux, a very high incident X-ray 727 
beam flux is required to make temporally resolved X-ray fluorescence measurements (Duke et al., 728 
2016b). Hence, a focused X-ray beam from a synchrotron source is almost a requirement for these 729 
types of measurements. 730 
 731 
Figure 14: Schematic of simultaneous X-ray fluorescence and focused beam radiography. The 732 
difference between X-ray fluorescence and confocal X-ray fluorescence is the path 733 
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length over which the fluorescing signal is captured. Image adapted from (Halls et al., 734 
2015; Lin et al., 2017; Radke et al., 2015). 735 
According the Kastengren and Powell (Kastengren and Powell, 2014), X-ray fluorescence 736 
has several advantages over focused beam radiography and phase contrast imaging, including (1) 737 
the ability to seed different fluid streams with different fluorescence tracers, (2) only a small 738 
amount of tracer is required which will minimize changes to the fluid flow, (3) the fluorescence 739 
photon flux is linearly proportional to the amount of seeded fluid and incoming intensity, and (4) 740 
quantitative measures of the seed element concentration distribution can be determined (after 741 
applying appropriate corrections).  742 
Challenges using fluorescence X-ray imaging include (Kastengren and Powell, 2014): (1) 743 
the fluorescence flux is low so time resolved imaging is challenging, and (2) more corrections are 744 
needed that require detailed experimental set-up knowledge. For example, Kastengren et al. 745 
(Kastengren et al., 2011) used X-ray fluorescence imaging with argon as the tracer gas to 746 
characterize single-phase turbulent jet mixing; the fluorescence data were (1) normalized and 747 
corrected for spectral background fluorescence intensity, (2) corrected for detector dead-time 748 
effects, (3) corrected for background argon concentrations in the air, and (4) corrected for 749 
absorption of the fluorescent photons by the ambient air.  750 
Radke et al. (Radke et al., 2015) demonstrated X-ray fluorescence can be used to 751 
distinguish between gas and liquid streams in a gas-swirl coaxial injector. Nickel sulfate 752 
hexahydrate and zinc sulfate heptahydrate were dissolved in water and used to help infer liquid 753 
reabsorption rates of the raw signal in the path to the fluorescence detector. Argon was used as the 754 
gas phase that differentiated it from the surrounding air. This technique allowed the simultaneous 755 
determination of both the liquid and gas stream equivalent path lengths in the near-field region of 756 
Accepted submission to: Atomization and Sprays 
Atomization and Sprays, 28(11): 1029-1059, 2018. DOI: 10.1615/AtomizSpr.2019028797. 
40 
this spray injector. Radke et al. (Radke et al., 2017) extended this work to cryogenic sprays to 757 
determine the gas-phase spatial distribution in a vaporizing spray. 758 
X-ray fluorescence and focused beam radiographic measurements were taken by Halls et 759 
al. (Halls et al., 2017a) to show it is possible to differentiate between two liquids from an impinging 760 
jet spray. In this case, one liquid was doped with sodium bromide which was excited by the high 761 
intensity 15 keV monochromic X-ray beam. The excited sodium bromide then fluoresced X-rays 762 
at 11.9 keV, which were captured by a fluorescence pin diode. Additional work by Halls et al. 763 
(Halls et al., 2015) used dual and quadruple tracers that fluoresced at different energy levels to 764 
discriminate between two liquid streams from an impinging spray mixer. Using X-ray 765 
fluorescence, they were able to distinguish between the liquid streams as they impinged and 766 
traveled downstream. 767 
Peltier et al. (Peltier et al., 2017) used X-ray fluorescence to investigate aerated-liquid 768 
injection nozzles; the gas distribution within these injectors can have a large influence on the 769 
resulting spray characteristics. The liquid was doped with sodium bromide (NaBr) to cause the 770 
liquid region to fluoresce at a particular X-ray wavelength. They were able to determine a line-of-771 
sight average density to provide relative gas-liquid mass distributions within the aerated region. 772 
They also estimated the uncertainty in the equivalent path length (EPL) and the resulting derived 773 
quantities, showing the errors are highest near the outside wall region but quickly diminish away 774 
from this region. 775 
Gas-liquid spray injection can also happen when cavitation occurs within the spray injector. 776 
Duke et al. (Duke et al., 2016b) used X-ray fluorescence to simultaneously measure liquid density 777 
and total noncondensible gas concentration in the cavitating region of a high pressure liquid 778 
injector. They doped the liquid with a bromine tracer (CBr4) and replaced dissolved oxygen with 779 
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dissolved krypton, allowing them to distinguish between gas coming out of solution and vaporizing 780 
liquid. They also completed a detailed error analysis and provided percent error estimates in the 781 
range 4-8%.  782 
Duke et al. (Duke et al., 2018a) extended their previous work to include pressurized 783 
aluminum nozzles. The liquid was doped with cerium nanoparticles, which provided an X-ray 784 
fluorescence signal when they were excited by 42.5 keV monochromatic X-rays from a 785 
synchrotron source. The fluorescing X-rays were strong enough (34-35 keV) to pass through the 786 
aluminum nozzle and were recorded to allow direct measures of cavitation within the nozzle. This 787 
particular set-up allowed good spatial resolution (5 × 10 µm2), but temporal resolution was limited. 788 
They determined that the fluorescing X-ray flux has to be 3 orders of magnitude stronger to take 789 
time-resolved measurements in their aluminum nozzles at their given operating conditions. 790 
X-ray fluorescence was also used by Duke et al. (Duke et al., 2016a) to assess drug 791 
concentration in a pressurized metered-dose inhaler (MDI). The MDI was operating in a periodic 792 
fashion and they were able to capture millisecond time resolution with this technique at a spatial 793 
resolution of 5 µm. 794 
Lin et al. (Lin et al., 2017) used X-ray fluorescence to measure pathlength-integrated mass 795 
distributions in the exit plume of a gas-liquid injector. As shown in Figure 14, traditional X-ray 796 
fluorescence captures the fluorescing signal along a large region of the focused beam path. Lin et 797 
al. (Lin et al., 2017) added a polycapillary tube to their detector system that allowed only 798 
fluorescing X-rays in a narrow width of 300 µm to be captured (called confocal X-ray 799 
fluorescence, also shown in Figure 14). This system enhancement allowed the polycapillary tube 800 
to be scanned along the focused beam path. They then incremented the focused beam location and 801 
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repeated the polycapillary tube scan. By doing this successively, a 2D contour of the local mass 802 
distribution was determined that was perpendicular to the spray axis (similar to an X-ray CT slice). 803 
Confocal X-ray fluorescence was also implemented by Lin et al. (Lin et al., 2018) to 804 
quantify the cross-sectional liquid distribution of a liquid jet in crossflow and the gas distribution 805 
for an aerated liquid jet in crossflow. The liquid (water) was doped with sodium bromide and, 806 
when an aerated jet was used, the gas stream was 94% nitrogen and 6% krypton. In their set-up, a 807 
small wind tunnel produced the crossflow. The polycapillary tube was oriented 45° to the beam 808 
direction, resulting in a spatial distribution along the beam path of 425 µm. With this set-up, they 809 
were able to identify a liquid-dominant shroud around a gas-dominant plume as the aerated jet was 810 
injected into the crossflow. 811 
A polycapillary tube was also used by Duke et al. (Duke et al., 2017) to study the hydraulic 812 
flip in a cavitating nozzle. In this case, the surround gas was doped with 3% krypton to differentiate 813 
it from the vapor phase of a cavitating liquid. Focused synchrotron X-rays then excited the krypton 814 
to fluoresce X-rays uniformly that were captured by the polycapillary tube attached to a silicon 815 
drift diode. The focused region of the polycapillary tube limited the measurements to a region 816 
inside a 0.33 mm diameter beryllium nozzle. 817 
4.6 Small-Angle X-ray Scattering 818 
Kastengren and Powell (Kastengren and Powell, 2014) provide a good summary of small-819 
angle X-ray scattering (SAXS) measurements. SAXS is a well-stablished X-ray measurement tool 820 
used to study nanoscale particles (Kastengren et al., 2017). This technique is used in the spray 821 
community to measure the size and shape of very small particles or droplets, where it was initially 822 
used to quantify objects less than about 100 nm or less in size. The process is based on the fact 823 
that X-rays do scatter, but only slightly. Interference patterns develop between the scattered 824 
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X-rays, which leads to an angular dependence of the scattered pattern that can be related to particle 825 
shape and size. The smaller the particle size, the larger the scatter angle. SAXS has be used to 826 
image the formation of nanoparticles (Sen et al., 2007), soot particles (Hessler et al., 2002), small 827 
droplets (on the order of 30-100 Ångströms) of supercritical ethylene (Lin et al., 2011b), and 828 
aerosol particles in supersonic flows (Wyslouzil et al., 2007). 829 
Confocal X-ray scatter measurements were used by Halls et al. (Halls et al., 2018b) to 830 
determine local liquid mass fraction from a spray. A polycapillary tube was used to determine the 831 
local scattering from a high intensity focused monochromatic X-ray beam, providing a 832 
measurement probe volume of 5 × 6 × 300 µm. The scattering signal was linear with liquid mass 833 
fraction and was used to quantify the local liquid mass fraction. This technique differs from X-ray 834 
fluorescence measurements in that an X-ray fluorescent tracer is not needed to get local 835 
measurements using the high intensity focused beam. It is, however, susceptible to errors due to 836 
attenuation of the incident beam and attenuation of the scattered photons exiting the spray, which 837 
can be corrected through calibration and signal post-processing. 838 
Recently, ultra-small angle X-ray scattering (USAXS) has been employed for spray 839 
measurements (Kastengren et al., 2017); Matusik et al. (Matusik et al., 2018) provides an excellent 840 
summary of how these measurements are made. USAXS is a specialized version of SAXS where 841 
low scattering vectors can be realized using diffraction crystals as a filter for scattering angle, 842 
allowing for larger droplets (smaller scatter angles) to be measured. Hence, the main difference 843 
between SAXS and USAXS is in the measurement hardware. The wider range of droplet sizes that 844 
can be measured with USAXS comes at a cost of much higher experimental complexity and much 845 
slower measurement rates (Kastengren et al., 2017). 846 
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USAXS measurements can provide droplet specific surface area. Matusik et al. (Matusik 847 
et al., 2018) coupled this measure with focused beam measurements of projected mass density to 848 
determine the Sauter mean diameter of a single component diesel spray in the near-field region. 849 
Duke et al. (Duke et al., 2018b) combined USAXS measurements with focused beam radiography 850 
and X-ray fluorescence measures to determine the Sauter mean diameter of droplets from a liquid 851 
mixture in a metered dose inhaler spray. USAXS provided an accurate specific surface area, 852 
whereas the focused beam measurements provided total line-of-sight integrated liquid mixture 853 
mass and the X-ray fluorescence measures determined the line-of-sight integrated mass of one 854 
liquid component. 855 
5 Conclusions  856 
There are many different X-ray imaging techniques available to the spray community, 857 
including some applicable only to tube-source X-rays, some available only from synchrotron 858 
X-rays, and some that can be applied to either X-ray generating method. X-ray imaging of sprays 859 
provides significant benefits when probing optically dense regions like the spray near-field region, 860 
and they can provide unique qualitative and quantitative measurements that are not available using 861 
other diagnostic techniques. Depending on the spray and quantity of interest, some X-ray imaging 862 
techniques may be better suited. For example, tube-source radiography is better for imaging large 863 
area sprays in their entirety, whereas white beam radiography using a synchrotron source can 864 
provide spray details that are spatially and temporally resolved. Newer X-ray imaging techniques, 865 
like confocal X-ray fluorescence and small-angle X-ray scattering, can provide multicomponent 866 
and small particle size information, respectively, but require complicated experimental setups, 867 
calibrations, and post-processing. Overall, X-ray imaging of the spray near-field provides unique 868 
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measurements and insight into spray formation and breakup, including recently identified 869 
structures such as hollow liquid droplets. 870 
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